The expression of sucrase-isomaltase mRNA was investigated along the crypt-villus axis of rat small intestine using differentially isolated cells and in situ hybridization. A partial rat sucraseisomaltase cDNA was cloned which coded for a protein that was predicted to be 88% homologous to those encoded by the rabbit and human cDNAs. Southern blot analysis of rat genomic DNA indicated that the cDNA hybridized to a single gene. Northern blots of RNA extracted from subpopulations of intestinal epithelial cells that were isolated from villus and crypt compartments showed that this cDNA hybridized to a 6.5 kb band predominantly in villus RNA. In situ hybridization using 35[S]-labeled RNA probes demonstrated that autoradiographic grains were detected over eptithelial cells located on villi with the greatest number of grains located at the cryptvillus junction and in the lower to mid-villus region; from mid-villus to the villus tip there ~vas a decline in sucrase-isomaltase mRNA. We conclude that expression of sucrase-isomaltase as enterocytes emerge from intestinal crypts is regulated primarily at the level of mRNA accumulation which, most likely, is a result of activation of sucrase-isomaltase gene transcription.
is found predominantly in villus cell apical membranes and is low in crypt cells as demonstrated using isolated intestinal epithelial cells (11) (12) (13) . Beaulieu, et al. (14) recently suggested that the expression of SI enzymatic activity may be regulated by differential posttranslational processing of the protein in the crypt and villus compartments (14) . Other proteins expressed in enterocytes, including liver fatty acid binding protein (15) , cytochrome P450IIB 1 (16) , and aminopeptidase N (17) have previously been shown to be regulated at the level of mRNA abundance as cells migrate from crypt to villus. Therefore, the regulation of SI activity as described by Beaulieu, et al. (14) would represent a new mechanism for the regulation of differentiated gene expression in adult enterocytes.
The objective of these studies was to investigate the mechanism of SI gene expression along the rat small intestinal crypt-villus axis by measuring SI mRNA in isolated subpopulations of intestinal epithelial cells and by in situ hybridization.
Methods

Intestinal Etfithelial Cell Isolation. RNA extraction and Northern and Southern Blot Analysis
Male, tfisher 344 rats weighing 200-250 g were housed in wire-floored cages and allowed free access to standard rat chow and water. Intestinal epithelial cells were isolated using a modification of the method described by Weiser (18) as recently described (19) . RNA was isolated from cell fractions using the method described by Chomczynski and Sacchi (20) . Poly-adenylated RNA was extracted from total RNA using oligo-dT cellulose and a micro-batch method.
For northern blot analysis, poly-adenylated RNA was separated in 2.2 M formaldehyde and 1% agarose gels as previously described (16, 21) and the RNA transferred to nylon membranes (Hybond N, Amersham Corp., Arlington Heights, IL) using a Posiblot system (Stratagene, La Jolla, CA) as described by the manufacturer. RNA was bound to the nylon membrane by crosslinking with ultraviolet light and the membranes were hybridized and washed as previously described (16, 21) .
For genomic Southern blot analysis, rat liver DNA was isolated, digested with restriction endonucleases and separated in an agarose gel. The DNA was transfered to nylon membrane and hybridized in the same fashion as for northern blots.
Polvmerase Chain Reaction Amplification, cloning and ~equencing of cDNA The amplification of cDNA using PCR was performed as previously described in our laboratory (21) . The reverse transcriptase primer was homologous to bases 1263 to 1288 of the rabbit SI cDNA (5'-TCTGTCCATGGTCATGCAAATCTTG-3"); the PCR primers had Eco RI restriction sites incorportated into the 5' sequence (PCR 5'oligo: 5'-GTGGAATrCCTGCATI'C CAGAACAATCTCCAACACAGGC-3'; PCR 3' oligo: 5'-GTGGAATTCTCCAGTATGCTG GCATFGCTGGTCGTCCAA-3'). The PCR product and plasmid vector were digested with EcoRI, separated in a low melting point agarose gel (Sea Plaque, FMC biochemicals), and ligations were performed "in gel" using T4 ligase (BRL) as described (21) . Double-stranded DNA templates were sequenced by the dideoxynucleotide termination method (22) using modified T7 DNA polymerase (Sequenase 2.0, United States Biochemical, Cleveland, OH) and [35S]dATP as described by the manufacturer.
In Situ Hybridization
In situ hybridization was performed as previously described in our laboratory (16) with modifications included from the method of Tyner, et al. (23) . Freshly excised proximal jejunum was embedded in O. C. T. (Miles laboratories) and frozen by emersion in liquid nitrogen. Sections were cut at 6-8 um in a cryostat and placed on polylysine-treated slides. The sections were fixed by sequential emersion in 4% paraformaldehyde (2 min.) and ice-cold 70% ethanol (10 min.), hydrated through decreasing concentrations of ethanol, treated with 0.2% acetic anhydride in 0.1M triethanolamine, pH 8.0, and dehydrated through increasing concentrations of ethanol.
The sections were air dried and immediately hybridized with 1 X 105 cpm/ul of [35S]-labeled RNA probe in a solution containing 50% formamide, 2 X SSC, 10 mM dithiothreitol, 1 mg/ml nucleas¢ free E. coli transfer RNA, 1 mg/ml salmon sperm DNA, and 2 mg/ml nuclease free bovine serum albumin. The single-stranded RNA probe was synthesized using the DNA template described in Results using the protocol recommended by Promega Biotech (Madison, WI) and [35S]UTP. Following synthesis, the DNA template was removed by treatment with RNase free DNase (RQ1 DNase, Promega), phenol:chloroform extracted, and ethanol precipitated. The slides were incubated at 65 ° C for 16 hours. Washes were performed as follows: 1) 50% formamide, 2 X SSC at room temperature, 10 rain., 2) 2X SSC at room temperature, 15 min., 3) RNase A (10 mg/ml) in 0.5 M NaC1, 1 mM EDTA at 37 ° C for 30 rain., 4) 0.5 M NaC1, 1 mM EDTA at 37 ° C for 30 min., 5) 2X SSC, 10 mM beta-mercaptoethanol, 55oc for 30 min., 6) 0.1X SSC, 10 mM beta-mercaptoethanol, 55°C for 30 min., twice.
After washing, slides were dehydrated through increasing concentrations of ethanol, dipped in liquid emulsion (Kodak NTB2, diluted 1:1 with water), and exposed in light-tight boxes at 4 ° C. The slides were developed at intervals and stained with hematoxylin and eosin.
Results
Clonin~ of nartial rat sucrase-isomaltase cDNA and ~enomic Southern blot analvsis A partial rat SI cDNA was amplified from RNA extracted from villus epithelial ceils using PCR primers (Methods) that were designed using sequences of rabbit (8) and human SI cDNAs (24) .
The sequence of the partial rat cDNA, designated pRSI-1, and the predicted amino acid sequence is shown in Figure 1 . The amino acid sequence was 88% homologous to the same region of both rabbit and human SI and the nucleic acid sequence showed 79 and 78% homology to rabbit and human, respectively.
The pRSI-1 cDNA was used for hybridization to Southern blot of rat genomie DNA that had This pattern of hybridization suggested that the pRSI-1 eDNA recognized a single rat gene when hybridization and washing was performed at stringent conditions.
Suerase-isomaltase mRNA expression in isolated intestinal epithelial cell fraction~ Subpopulations of intestinal epithelial cells isolated differentially along the cyrpt-villus axis were used to investigate the ability of pRSI-1 to recognized SI mRNA and to grossly evaluate differences in expression between villus and crypt cell compartments. We have demonstrated that the method used for cell isolation was able to effectively separate subpopulations of epithelial cells into crypt and villus fractions as assessed by enzyme activities, DNA synthesis, mRNA expression, and light and electron microscopy (19) . Northern blot analysis of polyadenylated RNA demonstrated that the pRSI-1 cDNA recognized a single mRNA species of approximately 6.5 kb (Figure 3 ). This corresponds to the size of the rabbit (8), human (24) and rat (25) SI mRNAs as previously reported by other authors. There were greater mRNA levels expressed in cells isolated from the villus compartment than from the crypt; the difference was 10-fold as determined by measurement of direct 13-particle emmission from the membrane (Betascope, Betagen corp.).
The presence of crypt cell mRNA in the cell fractions was identified by hybridizing the same blot with cryptdin cDNA (pasb4/134 (26), a 315 bp mouse cryptdin eDNA was a gift of Dr. A. J. Ouellette, Harvard Medical School, Boston, MA). Polyadenylated RNA was extracted from epithelial cells isolated from along the crypt-villus axis as described in Methods. Cell fractions were combined as follows: 1/2, 3/4, 5/6, 7/8, 9 and 10. 2 ug of (A +) RNA was separated in a 1% agarose, 2.2 M formaldehyde gel, transfered to a nylon membrane and sequentially hybridized with purified insert from pRSI-1 (panel A) and the cryptdin cDNA (panel B) (19) . The autoradiograph in panel A was exposed for 3 hours; longer exposures did not reveal additional bands. The autoradiograph in panel B was exposed for 18 hours. Representative results of one of 3 in situ hybridization experiments are presented. Each experiment contained 20 sections and the findings were consistent. Each of the sections presented in this series were allowed to expose for 3 days before developing. The sections were stained with hematoxylin and eosin following development. 4a: Sections of rat jejunum were hybridized with an antisense, single-stranded, [35S]-labeled RNA probe that was synthesized from the full-length insert of pRSI-1 (827 bp). 4b: View of section pictured in figure 4a as seen by dark field microscopy to accentuate silver grains. 4c: Higher power view of the crypt-villus junction of the section pictured in figure 4a. 4d: Sections of rat jejunum were hybridized with an antisense, single-stranded, [35S]-labeled RNA probe that was synthesized from the full-length insert of pRSI-1 (827 bp) and an excess (200 fold) of unlabeled antisense RNA. 4e: Sections of rat jejunum were hybridized with a sense, single-stranded, [35S]-labeled RNA probe that was synthesized from the full-length insert ofpRSI-1 (827 bp).
In situ hybridization
Discussion
In this study the distribution of SI mRNA was examined along the crypt-villus axis of adult rat small intestine using subpopulations of isolated epithelial cells and in situ hybridization. These experiments demonstrated that steady-state level of SI mRNA in intestinal epithelial cells constitutes a major mechanism for the control of SI gene expression as enterocytes differentiate while migrating from crypt to villus compartments.
The cDNA probe used for these studies was a partial SI cDNA (pRSI-1) derived from the isomaltase portion of the protein coding sequence. Several observations indicate that this cDNA is derived from rat SI mRNA: 1). The cDNA contains one open reading frame that codes for a protein sequence that is 88% homologous to both rabbit and human isomaltase, 2). The cDNA hybridizes to an mRNA species that corresponds to the reported size for SI mRNA in human, rat, and rabbit and, 3). An antisense RNA probe hybridized to the expected cell population in rat intestine. Genomic Southern blot analysis using stringent hybridization conditions suggested that the pRSI-1 cDNA hybridized to a single gene in rat. Therefore, these data suggest that our pRSI-1 recognizes a transcript derived from a single gene and, thus, validates its use for Northern analysis and in situ hybridization.
In situ hybridization demonstrating the absence of SI mRNA in jejunal crypt cells suggests that the gene is not transcribed in undifferentiated, proliferating cells located in crypts. It is possible that gene transcription is active with rapid degradation of the mRNA resulting in very low steadystate levels. This possiblity seems unlikely since autoradiographic grains were not seen over nuclei in crypt cells. In any event, undetectable levels of mRNA in crypt cells as assessed by in siru hybridization makes it unlikely that SI protein is present at significant levels in crypt cells. This conclusion is at odds with the recent observation that human jejunal crypt cells stained with a SIspecific monoclonal antibody as reported by Beaulieu, et al. (14) . These authors presented data suggesting that differences in glycosylation of SI were responsible for differences in crypt and villus SI enzymatic activity. The same monoclonal antibodies have recently been used to stain normal human colon as well as colonic neoplasms; the findings suggested that S! is expressed in normal colonic crypts and in many adenomas (27) . Leeper and Henning (25) recendy reported that rat colon did not express SI mRNA using a rabbit SI cDNA. Species differences in the tissue distribution of SI expression may explain these discrepant observations between rat and human although this issue requires further investigation.
The level of expression of proteins associated with the differentiated enterocyte phenotype has been evaluated in rat by in situ hybridization for aminopeptidase N (17), cytochrome P450IIB 1 (16), liver fatty acid binding protein (15) , and, in this report, SI. In each case, little or no mRNA was detected in crypt cells and there was prompt appearance of mRNA in the upper crypt region as cells moved onto the base of the villus. Therefore, transcriptional activation of enterocyte genes at the cryptTvillus junction may be a primary mechanism for expression of the differentiated phenotype as cells migrate along the crypt-villus axis.
Several studies have shown that maximal sucrase enzymatic activity is associated with enterocytes located in the mid-villus region (12, 13, 18) . Decreases in sucrase enzymatic activity in villus tip cells has been attributed to enzymatic degradation of the sucrase portion of the dimeric enzyme by luminal proteases (28) . As shown in this study, an additional factor for declining levels of enzymatic activity in villus tip cells may be the decreased steady-state levels of SI mRNA which may be related to either a decrease in transcription of the gene, more rapid degradation of cytoplasmic mRNA, or a combination of both.
In conclusion, alterations in steady-state levels of SI mRNA along the crypt-villus axis of rat small intestine is a major mechanism for the regulation of SI gene expression. The evidence suggests that transcriptional activation of the gene is initiated as ceils exit from the crypt, is maximal in the lower villus cells, and declines as cells migrate towards that villus tip. Evaluation of transcriptional activation and/or repression of the SI gene along the crypt-villus axis may provide a model for investigation of intestine-specific gene expression.
